Ginsenoside, one of the active ingredients of Panax ginseng, has a variety of physiological and pharmacological actions in various organs. However, little is known about the effects of ginsenosides on gastrointestinal (GI) motility. We studied the modulation of pacemaker potentials by ginsenoside in the interstitial cells of Cajal (ICCs) using the whole-cell patch clamp technique in the current clamp mode. Among ginsenosides, we investigated the effects of ginsenoside Rb1, Rg3 and Rf. While externally applied Rb1 and Rg3 had no effects on pacemaker potentials, Rf caused membrane depolarization. The application of flufenamic acid or niflumic acid abolished the generation of pacemaker potentials and inhibited the Rf-induced membrane depolarization. Membrane depolarization induced by Rf was not inhibited by intracellular application of guanosine 5′-[β-thio]diphosphate trilithium salt. Pretreatment with a Ca 2+ -free solution, thapsigargin, a Ca 2+ -ATPase inhibitor of the endoplasmic reticulum, U-73122, a phospholipase C inhibitor, or 2-APB, an IP 3 receptor inhibitor, abolished the generation of pacemaker potentials and suppressed Rfinduced actions. However, treatment with chelerythrine and calphostin C, protein kinase C inhibitors, did not block Rf-induced effects on pacemaker potentials. These results suggest that ginsenoside Rf modulates the pacemaker activities of ICCs and therby regulates intestinal motility.
INTRODUCTION
Ginseng, the root of Panax ginseng C. A. Meyer, is a wellknown folk medicine that has been used as a tonic agent. The molecular components primarily responsible for the actions of ginseng are ginsenosides, also known as ginseng saponins. Ginsenosides are derivatives of triterpenoid dammarane with molecular structures consisting of 30 carbon atoms (Nah, 1997) . Ginsenosides have a 4-ring, steroid-like structure, with attached sugar moieties. About 30 different ginsenosides have been isolated and identified from the Panax ginseng root (Kim et al., 2007) . In a study using purified compounds from ginsenosides, ginsenosides Rb1, Rg3 and Rf were found to exert a number of biological activities that affected central and peripheral nervous systems, cardiovascular, and immune systems (Chen, 1996; Gillis, 1997; Kim et al., 1998; Saito et al., 1977) . Interestingly, many studies have demonstrated that ginsenosides have effects on gastrointestinal (GI) motility. Ginseng accelerated mouse small intestinal movement (Furukawa et al., 1995) , stimulated relaxation of the circular muscle of the gastric body, and longitudinal muscle contraction in the ileum and distal colon in isolated guinea pig GI tract tissues (Hashimoto et al., 2001) . In rabbit intestine, ginseng had stimulatory effects on intestinal motility (Murata et al., 2001) . Furthermore, Kim et al. (2007) suggested that ginseng total saponins (GTS) modulated the pacemaker activity of interstitial cells of Cajal (ICCs) in the GI tract. However, it is still unclear which ginsenoside types exert pharmacological or physiological effects on intestinal ICCs.
Many regions of the tunica muscularis of the GI tract display spontaneous contractions. These are mediated by the periodic generation of electrical slow waves (Szurszewsik, 1987) . Recent studies have shown that ICCs act as the pacemakers and conductors of the electrical slow waves in GI smooth muscles (Huizinga et al., 1995; Langton et al., 1989; Ordog et al., 1999; Sanders, 1996; Ward et al., 1994) . Slow waves propagate within ICC networks, conduct into smooth muscle cells through gap junctions, and initiate phasic contractions by activating Ca 2+ entry through L-type Ca 2+ channels. Pacemaker activity in the murine small intestine is due mainly to periodic activation of nonselective cation channels (NSCC) (Kim et al., 2008; Koh et al., 2002) or Clchannels (Huizinga et al., 2002; Zhu et al., 2009) . Moreover there is evidence that endogenous agents such as neurotransmitters, hormones and paracrine substances modulate intestinal motility by influencing ICCs (Jun et al., 2004a; 2004b; 2005; Kim et al., 2010; So et al., 2009 ). The pacemaker mechanism of ICCs has been shown to involve rhythmic oscillations in the intracellular calcium concentrations and Ca 2+ release from D -myo-inositol 1,4,5-trisphosphate (IP 3 ) receptor-operated stores. Uptake of Ca 2+ activates voltage- (Torihashi et al., 1999) .
Molecules and Cells
Since exposure to ginsenosides alters GI motility, and since ICCs are the pacemaking cells of intestinal muscle, in the present study we examined which ginsenosides have the ability to alter the electrical properties of cultured ICC clusters derived from murine small intestine.
MATERIALS AND METHODS

Preparation of cells
Balb/C mice (8-13 d old) of either sex were anesthetized with ether and sacrificed by cervical dislocation. All experiments were performed according to the Guiding Principles for the Care and Use of Animals and were approved by the Ethics Committee of Chosun University and Pusan National University. The small intestine from 1 cm below the pyloric ring to the cecum were removed, opened along the mesenteric border, and the luminal contents were washed away with Krebs-Ringer bicarbonate solution. The tissues were pinned to the base of a Sylgard dish and the mucosa was removed by sharp dissection. Small strips of intestinal muscle were equilibrated in Ca 2+ -free Hank's solution containing KCl 5.36 mM, NaCl 125 mM, NaOH 0.336 mM, Na 2 HCO 3 0.44 mM, glucose 10 mM, sucrose 2.9 mM, and HEPES 11 mM, adjusted to pH 7.4 with Tris for 30 min. After incubation for 15 min at 37°C in an enzyme solution containing collagenase (1.3 mg/ml; Worthington Biochemical, USA), bovine serum albumin (2 mg/ml; Sigma, USA), trypsin inhibitor (2 mg/ml; Sigma), and ATP (0.27 mg/ml), the cells were dispersed. Cells were plated onto sterile glass coverslips coated with murine collagen (2.5 mg/ml; Falcon/BD Biosciences, USA) in 35 mm culture dishes. The cells were then cultured at 37°C in a 5% CO 2 incubator in smooth muscle growth medium (Clonetics Corp., USA), supplemented with 2% antibiotics/antimycotics (Gibco, USA) and murine stem cell factor (5 ng/ml; SCF, Sigma). ICCs were identified immunologically with a monoclonal antibody for Kit protein (ACK2) and were labeled with Alexa Fluor 488 (Molecular Probes, USA).
Patch-clamp experiments
The whole-cell configuration of the patch-clamp technique was used to record membrane potentials (current clamp) from cultured ICC clusters. Potentials were amplified using Axopatch 1-D (Axon Instruments, USA). A command pulse was applied using an IBM compatible personal computer and pClamp software (version 6.1; Axon Instruments). The data were filtered at 5 kHz and displayed on an oscilloscope, computer monitor, and pen recorder (Gould 2200, Gould, USA). The results were analyzed using pClamp and Graph Pad Prism (version 2.01) software. All experiments were performed at 30°C.
Solutions and drugs
The cells were bathed in a solution containing KCl (5 mM), NaCl (135 mM), CaCl 2 (2 mM), glucose (10 mM), MgCl 2 (1.2 mM), and HEPES (10 mM) adjusted to pH 7.2 with Tris. The pipette solution contained K-aspartate (120 mM), KCl (20 mM), MgCl 2 (5 mM), K 2 ATP (2.7 mM), Na 2 GTP (0.1 mM), creatine phosphate disodium (2.5 mM), EGTA (0.1 mM), and HEPES (5 mM), adjusted to pH 7.2 with Tris. The drugs used were guanosine 5′-[β-thio]diphosphate trilithium salt (GDP-β-S), U-73122, calphostin C, chelerythrine, and thapsigargin. All drugs were purchased from Sigma. Flufenamic acid and niflumic acid were purchased from Calbiochem (USA). The ginsenosides Rb 1 , Rg 3 , and Rf were provided by AMBO Institute (Korea).
Statistical analysis
Data are expressed as the mean ± standard errors. Statistical differences in the data were evaluated using Student's t-tests. A p value less than 0.05 was considered to be statistically significant. n values reported in the text refer to the number of cells used in patch-clamp experiments.
RESULTS
Effect of ginsenosides on pacemaker potentials of cultured ICC clusters
The patch-clamp technique was tested on ICCs that formed network-like structures (clusters) in culture (typically within 2-4 days). Spontaneous rhythms were routinely recorded from cultured ICC clusters under current-clamp conditions, and ICCs within clusters displayed more robust electrical rhythms. Tissue-like spontaneous slow waves have previously been recorded from these cells (Koh et al., 1998) . Recordings from the cultured ICC clusters under the current clamp mode (I = 0) revealed spontaneous pacemaker potentials. The resting membrane potential was -51 ± 3 mV and the amplitude was 21 ± 3 mV. Ginsenoside Rb1 (100 μM) was without effect on the pacemaker potentials (n = 4; Fig. 1A ), as was Rg3 (100 μM) (n = 4; Fig. 1B ). However, in the presence of Rf (1-20 μM), the resting membrane potentials were depolarized. The corresponding resting membrane depolarizations were 3 ± 1 mV at 1 μM, 9 ± 2 mV at 10 μM, and 19 ± 1 mV at 20 μM (n = 5; Fig.  2A) . A bar graph of Rf effects on pacemaker potentials is shown in Fig. 2B .
Effects of a nonselective cation channel blocker and a Clchannel blocker on Rf-induced responses in cultured ICC clusters The pacemaker activity of murine small intestine is due mainly to periodic activation of NSCCs (Kim et al., 2008; Koh et al., 2002) 
